Ultrafast magnetization dynamics in magnetic tunneling junctions
Xiaojing Zou 1,a) and Gang Xiao To understand the dynamic magnetic properties and its relationship to ultrafast field sensing, we performed micromagnetic simulations on actual MgO-based magnetic tunneling junction (MTJ) structures. The results indicate that an MTJ with a larger aspect ratio yields a smaller response time under a sudden change of an external magnetic field. Such an effect is mainly due to the coherent rotation from the central cores inside the junction element. Damping coefficient is shown to play an important role in ultrafast sensing and the optimal value need to be a few times larger than typical values found in common ferromagnetically soft materials. Our calculations further show that the response time can be reduced by increasing the free layer thickness and/or its saturation magnetization. Finally, we have obtained the dependence of intrinsic resonance frequency on the sensor size while keeping the same aspect ratio. Ultrafast magnetization dynamics in magnetic tunneling junctions (MTJs) [1] [2] [3] is an important topic in the field of spintronics, as MTJs have been used both in speedy non-volatile magnetic random access memories (MRAMs) 4 and in high frequency magnetic sensors. [5] [6] [7] In MRAMs, the dynamics pertains to large angle magnetization rotations. 8 In sensing applications, however, the magnetization vector undergoes very small angular responses to the weak external field. The potential for ultrafast speed is a significant advantage of MTJs in comparison with other magnetic devices, such as fluxgates or SQUIDs (superconducting quantum interference devices). Till now much of the research on the dynamic properties of MTJs is related to magnetization reversal, studies focusing on the ultrafast sensing are rare. Hence, in this Letter, we will investigate the ultrafast dynamic response of MTJs in various geometrical dimensions (aspect ratio, size, and free-layer thickness) and intrinsic physical parameters (damping coefficient and saturation magnetization).
The basic MTJ structure used in our simulation is a typical magnetic sensor layer structure: CoFe(20)/Ru(8)/CoFeB(30)/ MgO(20.5)/CoFeB(t free) (thickness unit in Å ). 9, 10 The bottom ferromagnetic(FM) film CoFeB(30) is exchange coupled to the CoFe(20) layer, which is made into a pinned layer with magnetization along the Y-axis. MgO(20.5) serves as the tunneling barrier and the top FM film CoFeB(t free ) is the free-layer whose dynamical properties are the focus of this study.
The dynamic micromagnetic model we developed is based on the Landau-Lifshitz-Gilbert (LLG) equation
where c is the gyromagnetic factor and a is the Gilbert damping coefficient. The effective magnetic field H eff is determined by the energy variational with magnetization H eff ¼À@E/@M, where E is the total energy of the system. Our micromagnetic simulation modeled the above MTJ structure as three FM layers that each was composed of numerous square cells with identical size ranging from 5 nm to 50 nm. The total energy E is calculated as the summation of the magnetostatic, anisotropy, interlayer exchange coupling, and Zeeman energy terms from the three FM layers as a whole. The typical material parameters are [11] [12] [13] [14] : exchange stiffness constant A CoFeB ¼ 2. , and uniaxial anisotropy constant K 1(CoFeB) ¼1.4 Â 10 4 erg/cm 3 with anisotropy directions randomly distributed among the small square cells.
In the simulations, a large external field is first applied along the Y-axis direction to saturate the sample, then this magnetic field is gradually decreased to zero and the current magnetization configuration is in the remanent state. Finally, a small step function magnetic field is applied along the sensing direction (Y-axis in our case) and the evolution of magnetization is determined by numerically solving the LLG equation.
Figs. 1(a)-1(c) show the simulated time dependence of the magnetization in Y direction (m y ) for sensors with different junction heights after applying an external field along Y axis (H y ¼1 Oe). The width of the junctions is all fixed at 6.0 lm, and the damping constant a is assumed to be 0.02. As can be seen in Fig. 1(a) , for sensor with a height of 0.75 lm, m y oscillates in time with a decaying amplitude and reaches a final stable state after certain amount of time. As the junction height increases, the oscillating feature weakens significantly at 3.0 lm and eventually disappears at a height of 6.0 lm in Fig. 1(c) , where the magnetization approaches the final stable value asymptotically.
Based on Figs. 1(a)-1(c) , we can define a response time s for each case, which reflects the time required to reach the final stable state. s is determined by reversely identifying the first data point that yield a deviation from the final state larger than one percent of the total change in m y , i.e., Dm y > 1%Ájm y(final) À m y(t¼0) j. We plotted in Fig. 1(d) To better understand the physical mechanism leading to the shape dependence shown above, we display in Fig. 2 the simulated images of magnetization pattern before and after turning on the external field (H y ¼1 Oe). In the case of a large aspect ratio, e.g., for the 6.0 Â 0.75 lm 2 MTJ shown in Fig. 2(a) , the magnetization vector is uniform and aligned mainly along the x-axis, without any existence of a domain wall. Upon applying an external field of 1 Oe, the magnetic moments rotate only minutely, implying the existence of a large internal field M eff , which prevents the magnetic moments from moving toward the external field direction.
As the aspect ratio is reduced, as in Fig. 2(b) , there appear some small edge domains that do not respond to the external field easily (see m x maps). Rather, the response to external field is primarily from the visible expansion and coherent rotation of two cores near the central region of the MTJ as seen in the m y maps. This indicates that the effective internal field has been weakened from the case with a large aspect ratio as shown in Fig. 2(a) . Finally, in the most symmetrical circular MTJ shown in Fig. 2(c) , the central core expands and rotates easily in response to an external field, particularly visible in the m y maps, implying that the effective internal field has been minimized among three shapes in Fig. 2 .
The results shown in Figs. 1 and 2 are consistent with the general relation between the response time s and the effective internal field: s / 1=M eff , where a is the damping coefficient. 15 Hence, a stronger effective internal field is beneficial to ultrafast magnetic sensing.
Next, we study the dependence of response time s on free-layer thickness t free , saturation magnetization M s , and damping coefficient a. We have selected one particular shape (6.0 Â 0.75 lm 2 ), which yields the smallest response time because of its large aspect ratio. The two-dimensional response time map is shown in Fig. 3(a) as a function of t free and a, and in Fig. 3(b) of M s and a. For ultrafast sensing, the material parameters (t free , M s , and a) should be chosen within the shaded deep blue area, which corresponds to the smallest response time section (s < 0.4 ns). It is clear that once the damping factor a is fixed, thicker free-layers and/or larger M s are beneficial to fast response. Generally speaking, the damping coefficient plays an important role in the response time. As evidenced in the right panel of Fig. 3 , for a given thickness or M s , there always exists an optimal a 0 for the shortest response time, and this a 0 is typically in the range from 0.05 to 0.09. The magnetization motion is underdamped when a < a 0 and overdamped when a > a 0 , resulting in an abrupt slope change around the optimal damping value.
Finally, we studied the effect of MTJ's geometrical size on the magnetic dynamics. For high frequency magnetic sensing, the maximum frequency limit is the intrinsic ferromagnetic resonance frequency f 0 of the MTJ. Fig. 4 plots the f 0 as a function of the junction size with a constant aspect ratio of 8:1. The free-layer thickness and damping coefficient is held at 15 Å and 0.02. As the size is reduced, f 0 increases from 2.2 to 7 GHz for the smallest MTJ (0.6 Â 0.075 lm 2 ). The best fitting curve using reciprocal function yields a f 0 ! 1.2 GHz for very large sensor, which is quite consistent with the experimental observations on thin CoFeB films. 16, 17 Fig . 4 shows that for ultrafast sensing MTJ sensors should be fabricated in the sub-micron scale, which yields a high f 0 .
In summary, micromagnetic simulations on practical MTJ sensor structures have shown the existence of an optimal damping coefficient a for a minimum response time. The value is a few times larger than the typical values of commonly used soft ferromagnetic thin films. Furthermore, given a, an MTJ with a sub-micron dimension and a larger aspect ratio is better suitable for ultrafast magnetic sensing. We have also found that thicker free-layer and larger magnetization will reduce magnetic response time. 
